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A B S T R A C T
Tannins belonging to plant polyphenols, are large group of compounds with diverse biological activity. Many of
them are being studied as potential natural medicine due to their antioxidant, antiviral, antibacterial or antic-
ancer properties. However, so far little is known about the structural and functional relations in protein-tannin
interactions, in particularly the role of valoneoyl groups in tannin structure. In this study we first investigated
the mechanisms of interaction 1,2-di-O-galloyl-4,6-valoneoyl-β-D-glucose (Tannin 1), 2-O-galloyl-4,6-valoneoyl-
β-D-glucose (Tannin 2), 3-O-galloyl-1,2-valoneoyl-β-D-glucose (Tannin 3) isolated from Euphorbia plants with
human serum albumin (HSA). To get more detailed information about nature of albumin-tannin interactions
besides standard Trp fluorescence quenching analysis we used also transmission electron microscopy (TEM),
circular dichroism (CD) and fluorescence labelling (ANS dye) techniques. It was shown that all the tannins
strongly interacted with HSA and quenched the tryptophan amino acid (Trp) fluorescence but slightly changed
protein secondary structure (circular dichroism CD analysis). TEM demonstrated that all used compounds
formed complexes with HSA. Tannin 3 most strongly quenched HSA fluorescence and changed protein dynamic
as well as had the highest binding constant (12.4±1.1 × 1013 M−1 s−1 in comparison with 7.0±0.38 ×
1013 M−1 s−1 for tannin 1 and 8.6± 1.1 × 1013 M−1 s−1 for tannin 2). For tannin 1 that was the largest of the
studied compounds was observed the weakest influence on the fluorescence parameters, probably due to the
effect of steric hindrance limiting interaction with albumin Trp pocket. On the other hand T1 induced the
strongest changed secondary structure of HSA in comparison to another studied tannins.
Our results demonstrated that all used tannins interact with albumin by complex formation but in the manner
depends on chemical structure and flexibility of studied compounds.
1. Introduction
Hydrolysable tannins, second metabolites of plant, are polyphenols
of from 500 to 3000 Da. They are general derivatives of gallic acid
(gallotanins) or ellagic acid (ellagitannins) [1–3]. Ellagitannins can
undergo oxidative coupling reactions that produce tannins with valo-
neoyl groups in their structure. Over 500 tannins with a large structural
diversity have now been isolated, characterized by diverse biological
activity linked to, among other things, interactions with proteins, in-
cluding enzymes, serum proteins, receptors, transcription factors and
toxins [4–7]. They can inhibit digestive enzymes and reduce taste [8].
However, tannin-protein interactions are responsible for the many
pharmacological effects on human health. For example tannic acid and
pentagalloylglucose (PGG) exhibit antitumor effects modulating
activity of epidermal growth factor receptor [9,10]. Tannins also pos-
sess anti–inflammatory activity, by regulation of transcription factor
NFκB [11,12]. Some ellagitannins can inhibit differentiation of osteo-
clasts by blocking the signaling pathways including kinases [13,14].
Also antibacterial effects of tannins are associated with the inhibition of
bacterial growth and immediate neutralization of toxins by pre-
cipitating them [15,16].
Tannins as multidentate ligands can simultaneously bind to the
protein by more than one phenolic group, inducing in a concentration-
dependent manner cross-linking and aggregation of the proteins
[17,18]. However, the interest of scientists aims is now on compounds
selectively interacting with the biologically important proteins and the
clarification of structure-affinity relationship between tannins and
proteins. It was early found that vescalin belongs to ellagitanin inhibits
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with highly specifically human DNA topoisomerase IIa, with a Kd in the
sub-nanomolar range [19]. PGG and EGCG selectively inhibit phos-
phatase PP1 activity, responsible for dephosphorylation of proteins
[20]. Hydrolysable tannins are also more highly specific to salivary α-
amylase [21,22]. Inhibition of the formation of advanced glycation end-
products (AGEs) by PGG is connected with protecting protein structure
[23]. Tannins can act as anti-aggregation agents that inhibit the for-
mation of Aβ1-42 fibrils [24] and α-synuclein oligomerization [25].
The specificity of the interaction of tannins with protein strongly
depends on their structure. It is generally accepted that tannins with a
higher molecular mass bind more strongly to proteins. PGG has a higher
affinity for albumin than TGG as it has more phenolic moieties and can
form most hydrogen bonds with the protein [26].
However, Haslam [17] found that β-1,2,3,4,6-penta-O-glucose and
castalagin, which have the same number of hydroxyl and aromatic rings
differently react with proteins. PGG has a stronger interaction with
protein than water-soluble castalagin. This data indicates that, not only
the number of hydroxyl groups, but the bulk, flexibility and hydro-
phobicity of tannins are important in protein-tannin interactions. It was
show that a hexahydroxydiphenoyl (HHDP) group was more important
in tannin-protein kinase C interactions than a digalloyl moiety [27].
Stereoisomers of tannins also have different affinities for the proteins
[28].
As noted above, tannin effects depend on their structure; therefore
the elucidation of structural and functional relation of tannin-protein
interactions is an important milestone in determining the biological
activity of the compounds as well as the development of targeted
synthesis of selective modifiers with functional activity in cells on the
basis of the tannin. Most of hydrolysable tannins are soluble in water,
which makes them more bioavailable, and this in turn give them wider
use in medicine. Some tannins have been patented as medicines, e.g.,
tannins from Sumac leaves have been patented as antiviral and inter-
feron-inducing drugs (patent: 2012, Bull. N 7, UZIAP 04524., Republic
of Uzbekistan).
Human serum albumin (HSA) is a convenient model for in-
vestigating guest molecule-protein interactions [29–31]. HSА is a
globular monomeric protein that contains a single tryptophan residue at
position 214, which makes interpretation of spectrofluorimetric data
easier and more reliable.
In this study, for the first time the mechanism of interaction of 3
tannins containing valoneoyl groups in different positions and HSA was
analyzed, and the role of their structure in these interactions was dis-
cussed.
2. Materials and methods
2.1. Materials
Human serum albumin (HSA), phosphate buffered saline (PBS) and
1-Anilinonaphthalene-8-Sulfonic Acid (ANS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dimethylsulfoxide (DMSO) was
obtained from POCh (Gliwice, Poland). Euphorbia tannins (Fig. 1): 1,2-
di-O-galloyl-4,6-valoneoyl-β-D-glucose (Tannin 1, T1), 2-O-galloyl-4,6-
valoneoyl-β-D-glucose (Tannin 2, T2), 3-O-galloyl-1,2-valoneoyl-β-D-
glucose (Tannin 3, T3) were isolated at the Institute of Bioorganic
Chemistry, Academy of Science, Uzbekistan.
2.2. Fluorescence spectrophotometry
Fluorescence (Perkin-Elmer LS-55B, UK) was used to analyze in-
teractions between HSA and tannins. These included such parameters as
changes in: Trp214 fluorescence, anisotropy and maximum fluores-
cence wavelength in the presence of tannins, and hydrophobic regions
of HSA (by ANS labelling). Values including the Stern-Volmer constant
(KSV), bimolecular quenching constant (kq), number of binding sites (n)
and binding constant (Kb) were calculated.
Fluorescence spectra were registered at 305–430 nm. Scan speed,
excitation and emission slits were set at 80 nm/min and 2.5 nm, re-
spectively. Tryptophan fluorescence was excited at λexc = 280 nm.
Analysis of fluorescence anisotropy changes as a marker of fluc-
tuations in protein dynamics used excitation and emission wavelengths
of 295 nm and 350 nm, respectively. Excitation and emission slit were
set at 9.0 nm and 9.5 nm, respectively. Before starting the measure-
ments, G factor (grating correction factor) was automatically calculated
to correct the polarizing effect of monochromators [29].
Fresh solutions of HSA and tannins were prepared. Albumin was
dissolved in PBS (pH 7.4, C = 10 mM) in a stock solution at 100 μM,
with a final concentration of 5 μM. Tannins were dissolved in DMSO
and deionized water in a volume ratio of 1:19 in stock solutions at
3.15 mM. Small volumes of tannins were used in the experiments, en-
suring that the influence of DMSO on the HSA structure and dilutions
effects were negligible. Due to slightly absorb UV light by used tannins
the values of fluorescence intensity received from experiments were
corrected to avoid inner filter effect using below equation (Eq. (1))
[31]:
= ×
+F F 10cor. obs. (Aexc. Aem.)/2 (1)
where: Fcor. and Fobs. are the corrected and observed fluorescence, Aexc.
and Aem. are the absorbance of used tannins at the excitation and
emission wavelengths.
Interactions between tannins and hydrophobic parts of albumin
were analyzed using 1-anilinonaphthalene-8-sulfonic acid [32].
ANS was dissolved in DMSO at a stock solution of 10 mM, with a
final concentration of 5 μM. Fluorescence spectra were read between
400 and 600 nm (scanning speed 80 nm/min., λexc. = 370 nm., λem. =
479 nm, excitation slit 5 nm, emission slit 2.5 nm).
2.3. Circular dichroism analysis
The CD spectra of HSA/tannin complexes were measured with a
Jasco J-815 CD spectrometer (Oklahoma, Japan) according to [29]. The
recording parameters were as follows: scan speed −50 nm/min, step
resolution−1 nm, response time−2 s, bandwidth−1.0 nm, slit -auto.
Spectra show the average of a minimum of 3 independent scans. CD
spectra were corrected against the baseline where the tannins were
dissolved in buffer without HSA. The mean residue ellipticity, Θ, ex-
pressed as [cm2 dmol−1], was calculated using software provided by
Jasco. Percentage changes in secondary structure of HSA on the basis of
CD spectra were determined using CDNN software (by Dr. Gerald
Böhm, Institute of Biotechnology, Martin-Luther University of Halle-
Wittenberg).
2.4. Transmission electron microscopy
The effect of tannins on morphology of HSA was examined by TEM.
Images were obtained with a JEOL-10 (JEOL Ltd., Tokyo, Japan) mi-
croscope. To form the complexes, tannins were added to HSA dissolved
in 10 mM Na-phosphate buffer at pH 7.4. The molar ratio of the com-
plexes was 50:1 (tannin/HSA). The complexes were placed on a carbon
surface of 200-mesh copper grid (Ted Pella, Inc) and incubated for
10 min on the grids before being drained with blotting paper. The grids
were negatively stained with 2% (w/v) uranyl acetate (Sigma) for
2 min. Images were taken at a magnification of from 50,000 to 100,000
×, and were sharpened with conventional software.
2.5. Statistical analysis
Analysis was based on at least for 3 independent experiments.
Values are presented as mean± SD. Grubb's test was used to verify if
values were not outlying from the rest. Statistical significance was es-
timated using t-test for single probe and t-Student test for uncorrelated
probes. For statistical analysis, GraphPad software QuickCalcs (http://
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www.graphpad.com/quickcalcs/contMenu/) was used.
3. Results
3.1. Fluorescence analysis of tannin-HSA interactions
Fluorescence measurements of Trp 214 gave the results are pre-
sented in Fig. 2.
All the tannins quenched the fluorescence of the tryptophan residue
very strongly in a concentration-dependent manner. Even at the lowest
tannins concentration (0.5 µM) fluorescence decrease remained strong.
The degree of fluorescence quenching depended not only on its con-
centration, but also on its structure. After adding 0.5 μM tannins, pro-
tein fluorescence decreased from 100% (control) to 88.8± 1.8%,
85.6±2.6% and 78.8±2.3% for T1, T2 and T3, respectively.
Increasing the amount of the compounds resulted in stronger fluores-
cence quenching thus for 10 µM the fluorescence values were:
22.1±0.9% (T1); 18.9± 2.2% (T2) and 14.2±1.1% (T3) compared
with the control.
Fluorescence quenching described by the Stern-Volmer equation
(Eq. (2)) [33] can occurs by 2 main mechanisms, static or dynamic.
= +F /F 1 K [Q]0 SV (2)
where: F0 – fluorescence in the absence of quenching molecules, F –
fluorescence in the presence of quencher, KSV – Stern-Volmer constant,
Q – quenchers concentration.
To calculate KSV, Stern-Volmer plots were drawn up (Fig. 3). Ac-
cording to the Eq. (2), the Stern-Volmer constants were: KSV =
0.35±0.02 × 106 M−1 (for T 1); KSV = 0.43±0.05 × 106 M−1 (for T
2) and KSV = 0.62±0.06 × 106 M−1 (for T 3).
Using obtained KSV values and τ0 (5 × 10−9 s, fluorescence lifetime
of fluorophore molecules), the bimolecular quenching constant (kq)
could be calculated applying the equation below (Eq. (3).) [34].
= τk K /q SV 0 (3)
Calculated bimolecular quenching constants were: kq1 = 7.0± 0.38
× 1013 M−1 s−1, kq2 = 8.6±1.1 × 1013 M−1 s−1 and kq3 =
12.4±1.1 × 1013 M−1 s−1 for T1, T2 and T3, respectively. If the kq
Fig. 1. Chemical structures of Euphorbia tannins.
Fig. 2. Changes of relative fluorescence intensity of Trp-214 in HSA in the presence of
Euphorbia tannins.
Fig. 3. Stern-Volmer plots of Trp fluorescence quenching in the presence of Euphorbia
tannins.
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value is larger than 2 × 1010 M−1 s−1 (value of the maximum scatter
collision-quenching constant) [25], then quenching occurs by a static
mechanism and according to our data this mechanism of interaction of
our tannins with albumin takes place.
Next, the number of binding sites (n) in HSA and the binding con-
stant (Kb) were calculated using the Hill equation (Eq. (4)) [35] and
based on Hill plots presented on Fig. 4 (left panel).
= + nlog[(F –F)/F] logK log[Q]b0 (4)
These values were: 1.12± 0.07; 1.09±0.09; 1.06± 0.07 (n) and:
0.28±0.03 × 106 M−1; 0.37±0.06 × 106 M−1 and 0.57± 0.08 ×
106 M−1 (Kb) for T1, T2 and T3 respectively.
According to obtained “n”, it can be concluded that for the tannins
that we used is a similar the number of binding sites in HSA (close to 1).
On the other hand, interaction forces and binding properties were dif-
ferent, which appeared to be dependent on tannin structure. Tannin 1
the weakest interacts with HSA (the lowest KSV and Kb). The strongest
interaction was with tannin 3, with KSV and Kb approximately twice as
high as values for T1.
Analysis of fluorescence quenching spectra shows that only T1 and
T2 were able to shift the maxima of spectra to longer wavelengths (red
shift) of ~ 10.5 and ~ 6 nm respectively (Fig. 4 right panel).
3.2. CD analysis of albumin-tannin interactions
To elucidate the effect of tannins on the secondary structure of al-
bumin, we used circular dichroism. Typical CD spectrum for pure al-
bumin has characteristic peaks at 208 and 222 nm shown in Fig. 5.
Detailed analysis of CD results revealed that tannins only slightly
affected the shape of CD spectra of HSA. In the presence of tannins, the
spectral minima shifted to higher wavelengths in a manner dependent
on concentration (Fig. 5; changes of ellipticity at λ= 222 nm). Shifts in
CD spectra confirm the albumin-tannin interactions.
Because even weak albumin-tannin interactions can influence on
the protein secondary structure thus percentage of the helical structure
changes were calculated.
The results presented in the Table 1 show that tannin 2 and 3
practically did not change secondary structure of HSA. For the highest
tannin-HSA molar ratio, antiparallel β and parallel β conformation in-
creased only by 0.6% and 0.7% whereas β-sheet about 1.3% and 1.2%
for T2 and T3 respectively.
Percentage of α-helix decreased by 7.6% for both tannins (2 and 3),
whereas random coil conformation increased about 3% and 3.2% for T2
and T3 respectively. On the other hand, for tannin 1 more significant
changes in the structure of the protein were observed compared with
the control: the decrease of α-helix by 16.8% and the increase of
random coil structure by 7.6% and β-sheet, antiparallel β and parallel β
about 2.2%; 1.6% and 1.8% respectively.
3.3. Changes of the dynamics of human serum albumin
Results above clearly show that T1, T2 and T3 interact with HSA,
forming tannin-albumin complexes. We measured the changes in pro-
tein fluorescence anisotropy to analyze how the tannins influence al-
bumin molecules dynamics.
All three tannins changed the anisotropy of Trp fluorescence
(Fig. 6). It shows that protein dynamics underwent alterations as the
consequence of protein-tannin complexation. Starting from 4 µM con-
centration of all tannins the increase in albumin fluorescence aniso-
tropy was observed. For tannin 1 and tannin 2, the increase in aniso-
tropy for the highest concentration (10 µM) was much lower (15% and
38%, respectively) compared with tannin 3 (97% of control).
3.4. TEM analysis of albumin and albumin-tannin complexes morphology
Fluorescence analysis showed that our tannins strongly interact
with HSA. Therefore, the TEM technique was used to detect the influ-
ence of tannins on HSA morphology. Pretreatment of albumin with
tannins at the molar ratio of 50:1 (tannin/HSA) for 10 min led to the
formation of structures with different characteristic shapes and size in
Fig. 4. Hill plots (left panel) and fluorescence maximum wavelength (right panel) of HSA in presence of Euphorbia tannins.
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Fig. 5. Left panels - CD spectra of HSA in the presence of tannin 1 – (A); tannin 2 – (B); tannin 3 – (C). Right panels - changes in mean residue ellipticity at λ = 222 nm.
Table 1
Secondary structure assignments of various conformational states of HSA at the presence of Tannins.
Tannin/HSA molar ratio
0 0.5 1 5 10 20 30 40 50
Tannin 1
α-Helix 79,00% 80,70% 77,30% 74,10% 72,70% 71,80% 69,90% 62,40% 62,20%
β-Sheet 10,20% 10,40% 10,50% 10,90% 11,10% 11,20% 11,50% 12,40% 12,40%
Antiparallel β 1,70% 1,90% 1,90% 2,20% 2,30% 2,40% 2,50% 3,30% 3,30%
Parallel β 2,00% 2,20% 2,20% 2,50% 2,60% 2,70% 2,90% 3,70% 3,80%
Random Coil 9,70% 10,30% 10,40% 11,60% 12,20% 12,60% 13,60% 17,00% 17,30%
Tannin 2
α-Helix 85,70% 85,20% 85,20% 83,50% 82,90% 82,00% 81,70% 80,30% 78,10%
β-Sheet 9,00% 9,10% 9,20% 9,40% 9,60% 9,70% 9,80% 10,00% 10,30%
Antiparallel β 1,20% 1,20% 1,20% 1,40% 1,40% 1,50% 1,50% 1,60% 1,80%
Parallel β 1,40% 1,50% 1,50% 1,60% 1,70% 1,70% 1,80% 1,90% 2,10%
Random Coil 7,00% 7,20% 7,20% 7,80% 8,10% 8,30% 8,40% 9,10% 10,00%
Tannin 3
α-Helix 86,00% 85,40% 84,40% 83,20% 82,60% 82,00% 81,20% 79,20% 78,40%
β-Sheet 9,00% 9,10% 9,30% 9,50% 9,60% 9,70% 9,80% 10,10% 10,20%
Antiparallel β 1,20% 1,20% 1,30% 1,40% 1,40% 1,50% 1,60% 1,70% 1,80%
Parallel β 1,40% 1,50% 1,50% 1,60% 1,70% 1,80% 1,80% 2,00% 2,10%
Random Coil 6,90% 7,20% 7,60% 8,00% 8,20% 8,50% 8,80% 9,70% 10,10%
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the range 50–700 nm (Fig. 7). The micrographs show that tannin 3,
unlike the tannins 1 and 2, forms nanostructures that are more homo-
geneous and of larger size. The data indicate stronger interactions of the
tannin 3 with HSA, and are in accordance with results obtained by
fluorescence.
3.5. Changes of hydrophobic pockets position in albumin – ANS analysis
ANS is a well-known fluorescence dye that enables studies of the
conformational changes of proteins connected with alterations of po-
sition of their hydrophobic regions [32]. We used ANS to verify whe-
ther the tannins we used could change the position of hydrophobic
pockets in human serum albumin.
Adding tannins led to a dose-dependent decline in fluorescence in-
tensity of ANS embedded in HSA (Fig. 8). Among our tannins, T3
caused the strongest reduction in fluorescence intensity of ANS. At
15 µM, tannin fluorescence decreased by ~ 36.4%, 32.6% and 63.6%
for T1, T2 and T3, respectively (fluorescence of ANS without tannins
being 100%).
4. Discussion and Conclusion
Tannins belong to secondary plant metabolites that have high bio-
logical activity. This group of polyphenols has strong antioxidant ac-
tivity, can react with different proteins like, such as serum albumins
[21,29,36], salivary-amylase [21], Streptococcus glucosyltransferase
[37] or xanthine oxidase [38]. Interaction of tannins with proteins can
have serious biological consequences, both positive and negative, that
depend on the structure of the proteins and the tannins. Despite many
reports of interactions between proteins and tannins, there is a lack of
information of how the presence of valoneoyl groups in the structure of
tannins influences their affinity for proteins.
We have analyzed the interactions between HSA and 3 tannins
isolated from Euphorbia: 1,2-di-O-galloyl-4,6-valoneoyl-β-D-glucose
(Tannin 1), 2-O-galloyl-4,6-valoneoyl-β-D-glucose (Tannin 2,), 3-O-
galloyl-1,2-valoneoyl-β-D-glucose (Tannin 3) containing valoneoyl
group at C4 and C6 position (for tannins 1 and 2) and at C1 and C2 for
tannin 3.
HSA is the most abundant protein in blood. As the result of specific
structural organization, i.e. the presence of binding sites, albumin is
important as a transporter for different types of molecules both
Fig. 6. Fluorescence anisotropy changes in HSA. Statistical significance was estimated using t-test for single probe (N = 9; *p< 0.05; **p<0.01). Statistical insignificance was between
5 and 10 µM for tannin 1, using t-Student test for uncorrelated probes.
Fig. 7. Electron micrographs of HSA (top panel, left),
and HSA/tannin complexes (top panel, right, and
bottom panels). To obtain the fully saturated com-
plexes, the molar ratio of tannins to HSA was 50:1.
Magnification 100,000, bar = 100 nm.
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endogenic (e.g., bilirubin, hormones) and exogenic (e.g., drugs) [39].
In the first part of our work, interactions between albumin and
tannins were analyzed using fluorescence techniques. Tannins very
strongly decreased the fluorescence intensity between 0.5 and 10 µM
(Fig. 2).
Mathematical analysis of the data using Stern-Volmer and Hill
equations could allow us to calculate the constants characterizing the
strength and mechanism of tannin binding to albumin, i.e. KSV, kq, Kb,
and n. KSV for T3 was approximately 1.8 and 1.4 times higher than for
tannins 1 and 2. Bimolecular quenching constants for studied tannins
were higher than 2 × 1010 M−1 s−1 (maximum scatter collision-
quenching constant), which indicated that all of them quenched
fluorescence through static mechanism associated with the formation of
their complexes with albumin. The Kb values clearly demonstrate that
tannin 3 has the strongest affinity for albumin (0.57±0.08 × 106 M−1
vs. 0.28± 0.03 × 106 M−1 and 0.37±0.06 × 106 M−1). It is well
known that ligands can be bound with the proteins in the reversibility
manner when the binding constant is in the range (1–15) × 104 M−1
[40]. Since for the used tannins, the obtained values of Kb are higher, it
can be expected that they form rather irreversible complexes with HSA.
Analysis of fluorescence maximum wavelength shift showed that
tannin 1 and 2 can shift the maxima of fluorescence into longer wa-
velength, triggering a batochromic effect (red-shift). It is probably the
result of the movement of the Trp amino acid position into more hy-
drophilic regions of protein [41]. A similar effect has been described in
our previous work [29] for 1-O-galloyl-4,6-hexahydroxydiphenoyl-β-D-
glucose and bihexahydroxydi-phenoyl-trigalloylglucose. Red-shift has
also been detected for PGG (pentagalloylglucose) interaction with bo-
vine serum albumin and RuBisCO enzyme [42]. Tannin 3, with the
highest Ksv and Kb, did not cause a shift in the fluorescence maximum.
HSA is engaged in transport of several molecules due to presence of
specific binding sites for the transport of guest molecules. Tryptophan is
localized in sub-domain IIA (binding cavity) [43], described as a hy-
drophobic drug-site I [35]. This region may be the major structure for
ligands binding [44], characterized by the strong ability to change the
conformation after binding of carrier molecules [45].
Strong tryptophan fluorescence quenching by our compounds sug-
gests that used tannins were binding in hydrophobic drug-site I with
different affinity. This hypothesis is supported by different shift of the
fluorescence maxima observed for used compounds probably as the
result of some conformational changes around hydrophobic Trp pocket.
This assumption is also maintains by physical nature of Trp fluores-
cence. As described the tryptophan has two electronic absorption
transitions (1La and 1Lb) and is very sensitive on polarity, hydrogen
bonding and non-covalent interactions [46]. Observed influence of used
compounds on the Trp fluorescence intensity informed about tannins
interaction close to Trp-pocket.
Measurements of fluorescence anisotropy showed that all 3 tannins
changed protein dynamics. The growth of the anisotropy fluorescence
values connected with complexation and/or aggregation or precipita-
tion of protein by tannins is the result of an increase of protein stiffness
and a decrease of its dynamics and serves as an additional confirmation
of the static mechanism of fluorescence quenching. Bandyopadhyay
et al. [47] describing the interaction of proteins with a polyphenol,
noting that the effect depends on the concentration of the substances.
Thus, for low amounts of polyphenols, protein saturation and com-
plexation occurs, while further increase in polyphenol concentration
may lead to the formation of large aggregates. Our results are in ac-
cordance with the processes described by Bandyopadhyay et al. [47].
For low tannin concentration (up to 3 µM), generally anisotropy did not
change. It is the first stage (phase) of tannin-albumin interaction
(protein-tannin complexation) when the saturation process starts. The
second stage starts from 4 µM tannins. Then HSA undergoes further
saturation and the dynamics of proteins decline (increase in aniso-
tropy). The third stage at higher tannin/albumin molar ratios is char-
acterized by the formation of aggregates. It should be noted that among
all our compounds, the greatest effect on protein dynamics occurred
with tannin 3.
Strong interaction between albumin and our tannins has been
shown by TEM (Fig. 7), which demonstrate that albumin solution in the
absence of tannins is homogenous, without any complexes. A similar
HSA structure was shown by Hebia et al. [48] using the same method.
In the presence of tannins, complexes were formed, the shape and size
of complexes depending on tannin structure. Tannin 3 forms bigger and
more homogenous structures compared with tannins 1 and 2.
We also used ANS-fluorescence label anchored to hydrophobic parts
of albumin. In non-polar environment, ANS has strong fluorescence
intensity whereas in polar regions its quantum efficiency is low and
fluorescence is strongly decreased. Our results (Fig. 8) clearly demon-
strate that tannins can quench ANS fluorescence. A decline in ANS
fluorescence intensity shows that our tannins cause translocation of
albumin hydrophobic pockets into a surface (polar) environment. It
cannot also excluded that used compounds displacement ANS from HSA
binding site. Tannin 3 quenching of ANS fluorescence was the strongest,
which can be explained by a higher affinity of T3 to albumin compared
with T1 and T2, an assumption in good agreement with fluorescence
Fig. 8. Dependence of ANS fluorescence intensity on tannins concentration.
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studies.
Differences in the interaction of tannins with albumin are probably
related to their molecular structure. Tannin interactions with proteins
are complex, and are mainly determined by the hydrophobic forces and
hydrogen bonds. Tannin 1 has 15 hydroxyl groups, a single glucose and
5 aromatic rings. Tannins 2 and 3 are composed of a single glucose, 4
aromatic rings and 13 hydroxyl groups, but the 13th –OH group in
tannin 3 is localized outside glucose ring. It is believed that tannins
with higher molecular weight bind more effectively to proteins.
Therefore, it would be expected that tannin 1, having the highest mo-
lecular weight of all our tannins, should interact the strongest with
HSA. However, we found that tannin 1 had the lowest affinity to al-
bumin. Our tannins are rather stiff due to the presence of valoneoyl
structure in their molecules, and they cannot easily undergo molecular
rearrangement to improve their fit to protein binding pockets, as can
flexible gallotanins [49,50]. This suggests that tannin flexibility in-
creases the ability of interaction with proteins thorough greater mole-
cules rotation, allowing better access to protein binding pockets.
The difference in the affinity of the studied tannin to albumin and
the ability to change its secondary structure should be sought in the size
and flexibility of the compounds. Tannin 1 is larger molecule and more
flexible due to the presence of 3 rotationally-capable aromatic rings in
comparison with T2 and T3. This structure allows the T1 molecules
change the secondary structure of albumin also through a surface in-
teraction with it, but limits its capacity to penetrate into the hydro-
phobic tryptophan pocket what explains the smallest changes of
fluorescence intensity and fluorescence anisotropy observed for this
tannin.
A similar steric hindrance effect was noted in our previous work
[29]. Smaller 1-O-galloyl-4,6-hexahydroxydiphenoyl-β-D-glucose more
strongly decreased fluorescence intensity of the albumin tryptophan
residue compared with larger bihexahydroxydiphenoyl-trigalloylglu-
cose.
The stronger T3 interaction with albumin than T2 (that has the same
number of aromatic rings and hydroxyl groups) could result from the
fact that the 13th –OH group in its structure is outside the glucose ring,
which can lead to the formation of additional hydrogen bonds between
tannin 3 and albumin.
In conclusion, interactions between HSA and tannins isolated from
Euphorbia clearly demonstrate that they have a strong structure-de-
pendent ability to form complexes. Among the investigated compounds
containing valoneoyl-groups, tannin 1 with more aromatic rings and
hydroxyl groups, showed the least affinity to albumin.
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